We report on the sequencing and analysis of a 3,557-bp genomic DNA clone that is located between 4.8 and 1.2 kilobase pairs (kb) upstream of the rbcL gene and is capable of complementing a class of cyanobacterium Synechococcus sp. strain PCC7942 mutants requiring a high level of CO2. The upstream 2,704 bp of this sequence is novel, the remaining 852 bp having been reported by other workers. Four new open reading frames (ORFs) have been identified along with putative promoter elements. These ORFs, which could code for proteins of 7, 10.9, 11, and 58 kDa in size, have been named ORF 64, ccmK, ccmL, and ccmM, respectively. The last three have been named ccm genes on the basis that insertional mutagenesis of each produces a phenotype requiring a high level of CO2 (i.e., each produces a lesion in the CO2 concentrating mechanism). The putative gene product for the large ccmM ORF has three internally repeated regions and also has two possible DNA binding motifs. Two defined mutants in the 3,557-bp region, mutants PVU and P-N, have been more fuly characterized. The PVU mutant has a drug marker inserted into the ccmL gene, and it possesses abnormal rod-shaped carboxysomes. The P-N mutant is a 2.64-kb deletion of DNA from the same position in ccmL to a region closer to rbcL. This mutant, which has previously been shown to lack carboxysomes and have soluble ribulosebiphosphate carboxylase/oxygenase activity, has now been shown to have a predominantly soluble carboxysomal carbonic anhydrase activity. Both mutants were found to possess carboxysomal carbonic anhydrase activities which are below wild-type levels, and in the P-N mutant this activity appears to be unstable. The results are discussed in terms of the possible interactions of putative ccm gene products in the process of carboxysome assembly and function.
containing carboxysomes that function to provide a favorable environment for CO2 fixation (4) .
The basal form of the transport system is constitutively expressed, and although showing a clear preference for CO2 as the substrate, the active transporter will also accept HCO3 (4) . Irrespective of the substrate, dissolved inorganic carbon (CJ) is accumulated inside the cell as HCO3f, possibly as the result of a carbonic anhydrase (CA)-like function associated with the transport step (4, (20) (21) (22) 31) .
When cyanobacteria are grown at limiting Ci levels, C1 transport activity can be enhanced by the addition an inducible component which gives the system a much higher affinity for Ci species, particularly for HCO3 (4) . Recent experiments have clearly shown that energization of Ci transport is dependent on a thylakoid-located NADH dehydrogenase, although provision of ATP may also be necessary (18) . the Ci transport system, can enter the structure and be converted to CO2 by catalysis with a low activity of CA (22-25, 27, 28) . Some property of the carboxysome, possibly due to the protein shell around the structure, acts to impede the leakage of CO2 away from the site of carboxylation, allowing elevated CO2 levels to be maintained around Rubisco (22) (23) (24) . The existence of carboxysomal CA (CACb,) has only recently been confirmed (25) , and a putative gene, located some 20 kb downstream of the Rubisco rbcL gene, has now been identified (10, 33) .
Most of the evidence for the role of the carboxysome in the CCM has come through the analysis of chemically induced mutants and defined mutants which exhibit a phenotype requiring a high level of CO2 (5, 15, (22) (23) (24) . One current area of interest is to identify the genes that may be involved in the assembly of the carboxysome and those genes that code for structural components of the carboxysome coat.
This article deals with the sequencing and analysis of a 3.6-kb genomic DNA region located upstream of the rbcL gene. Four new open reading frames (ORFs) were identified in this region and three of these ORFs have been named ccm genes for their involvement in the CCM. The protocol adopted is to use this nomenclature for any gene (ORF) that when insertionally inactivated produces a phenotype requiring a high level of CO2. The ccm designations have been started at "K" to allow any ccm genes further upstream (or downstream of rbcL) to be accommodated. For example, the carboxysome alone can be expected to be composed of at least 12 structural proteins (25) . By using this nomenclature, the 300-bp ORF, identified by Price and Badger (24) , has been renamed ccmL throughout this article. We also provide a more thorough physiological analysis of the defined mutants, P-N and PVU, particularly with regard to the levels of CACbx in these mutants.
(A preliminary report on these mutants has appeared in a special conference paper [24] ).
MATERIALS AND METHODS
Growth of cyanobacteria. Synechococcus sp. strain PCC7942 was grown in BG11 media (29) buffered to pH 8 with 10 mM 1,3-bis(Tris)propane (BTP)-HCl and gassed with 2% CO2 in air, air levels of CO2 (i.e., approximately 350 ppm), or air with CO2 reduced to 20 ppm (20) . Most cultures were grown in 100-ml test tubes and were vigorously sparged with air-CO2 mixtures (2) . Cultures were grown at 30'C and at a photon density of 60 ,umol. m-2 s-, unless otherwise indicated. Cyanobacterial plate colonies were grown as previously reported (23, 24) . Chlorophyll (Chl) content was determined by the method of Wintermans and de Mots (32) .
Isolation of carboxysomes. Carboxysomes were isolated from wild-type (WT) and mutant Synechococcus sp. strain PCC7942, as detailed in Price et al. (25) . Solubility tests for Rubisco (and CA activity) were performed essentially as reported previously (24) .
CA and Rubisco assays. CA activity was determined by a mass-spectrometric technique which measures the rate of exchange of 180 label from doubly labelled 13C1802 to H2160. Experimental particulars were as previously described (3), except that the assay buffer was 100 mM N-(2-hydroxyethyl)piperazine-N' -3 -propanesulfonic acid (Epps)-NaOH, pH 8.0, and usually contained 20 mM MgSO4 and 1 mM NaH13C1803 (25) . In this assay system, 1 U of enzyme activity is equivalent to a 100% stimulation in the first-order rate constant. Rubisco assays were performed as previously described (23) , except that the assay buffer contained 20 mM MgSO4 rather than 10 mM MgSO4. CA and Rubisco assays were done in duplicate, with standard deviations being less than 5% of the mean. The data presented below and in the tables are for representative experiments; standard deviations of less than 15% of the mean for several experiments were usually found.
Isolation of a genomic clone and DNA sequencing. The genomic clone used in this study was isolated from a lambda gtll phage library constructed from randomly sheared Synechococcus sp. strain PCC7942 genomic DNA ligated into lambda by using EcoRI linkers (the library was a kind gift from T. Ogawa, Wako City, Japan). Southern blotting of plaque lifts for positive clones and subsequent purification of lambda DNA were performed according to standard protocols (30) . A 300-bp polymerase chain reaction product, constituting the ccmL ORF (300-bp ORF) located 3.77 to 3.47 kb upstream of the rbcL start codon (24) , was used as the 32P-labelled DNA probe. The sequence for this region was derived from sequencing of the region around ccmL (19a) in an 8.5-kb EcoRI genomic clone, pLS102, derived from Synechococcus sp. strain PCC6301 (26) . Clone pLS102 was a gift from S. F. Delaney (Sydney, Australia). The oligonucleotides for the 300-bp polymerase chain reaction product were (i) 5'GGATCCATGCGCATTGCTAAGGT TCGCG, including a BamHI site before the start codon, and Construction of defined mutants. Some details of the construction of the P-N deletion mutant and the PVU insertion mutant have appeared elsewhere (24) . These two mutants had a promoterless 0.79-kb HindIII-HindIII chloramphenicol resistance marker (Cmr; coding for chloramphenicol acetyltransferase) blunt-end ligated into the cloned ccmK to ORF II region at restriction sites specified in the text. For these two mutants, Cmr was inserted so as to be transcribed in the same orientation as rbcL. In fact, only one orientation of each primary construct, in the Escherichia coli vector p44 (a derivative of pUC19 lacking PvuII sites; a gift from M. K. Morell, Canberra, Australia), was ever recovered. Thus, chloramphenicol resistance in the primary construct appeared to be dependent on the ampicillin resistance promoter in this plasmid. The other defined mutants, NCO.1B, HIND, NC-NC, and NCO.2A, contained a 0.85-kb Cmr marker, which included the psbA promoter element (8) , inserted into a cloned 3.6-kb fragment (in plasmid pTZ18R [16] ), which contained the ccmKLM region. Insertions were made at restriction sites specified in the text. In each case, except for NCO. 1B, Cmr was inserted so as to be transcribed in the same orientation as rbcL. Each primary construct was integrated into the Synechococcus genome by homologous crossover; directional integration was effected by virtue of the homologous flanking DNA (in this case the ccmKLM regions) on each side of the drug resistance marker (11) . Synechococcus cells were transformed with plasmid DNA (11) containing the appropriate primary construct. Mutants were selected as previously described (24) .
Uptake and efflux of C1. The uptake and efflux of Ci by intact cells and the internal Ci pool size were measured by a mass-spectrometric technique, details of which have been reported elsewhere (22, 23) . RESULTS DNA sequence. Although previous sequence analysis had begun with a genomic clone derived from Synechococcus sp. strain PCC6301 (24) , for the present study a genomic clone from Synechococcus sp. strain PCC7942 was used. The switch to a Synechococcus sp. strain PCC7942 genomic DNA clone was deemed necessary because this strain, unlike Synechococcus sp. strain PCC6301, is relatively easy to genetically manipulate and, accordingly, has become the strain of choice for isolation and analysis of CCM mutants. Furthermore, all our chemically induced mutants requiring a high level of CO2 had been isolated from Synechococcus sp. strain PCC7942 (23) . A clone, E6.3, was selected from a genomic DNA library for its ability to hybridize to the 300-bp ccmL ORF from Synechococcus sp. strain PCC6301 (24 
CACATCATTGGCTCACCTCCAGTGATTGTCCGGTCTACTCCAGCAGCTACTGCTGATTTCCACTCCACGCCAACTCCTTCTCCACTTCGTCCATCGTCTAGCGAGGCAACGACCGTGAGC 2040 H I I G S P P V I V R S T P A A T A D F H S T P T P S P L R P S S S E A T T V S
2041 GCTTATAACGGCCAAGGCCGACTCAGTTCCGAAGTCATCACCCAAGTCCGGAGTTTGCTGAACCAGGGCTATCGGATTGGGACGGAACATGCGGACAAGCGCCGCTTCCGGACTAGCTCT 2160 The ccmM gene product has the unusual property of having three internal repeated regions. This is seen as regions of amino acid sequence similarity (Fig. 3, Al and A2 ) at positions 225 to 307, 341 to 423 (86.7% identity for both regions), and 455 to 537 (58.5% identity). Presumably, these three regions of ccmM have arisen through partial gene duplication. Another interesting property of the ccmM gene product is that it has weak amino acid sequence similarity to the small subunit (SSU) of Rubisco from Synechococcus sp. (Fig. 3) . The highest score for the ccmM gene product against an amino acid sequence data base was for the SSU of Rubisco from Acetabularia mediterranea (24.4% identity in a 72-amino-acid overlap), but one of the three repeated regions of ccmM also has weak amino acid sequence similarity with the Synechococcus Rubisco SSU (24.4% identity over a 86-amino-acid overlap [ Fig. 3, Bi] ). Each of the other repeated regions of ccmM has some weak sequence similarity to the Synechococcus SSU, but at a lower level (Fig. 3,  B2 and B3) . The homologous region of SSU includes amino acids Arg-88, Phe-92, and Asp-93, which are thought to be involved in the binding of SSU to the large subunits of Rubisco (14) . Arginine and aspartic acid residues are found in equivalent positions in the three repeats in the ccmM gene product, but the phenylalanine residue is replaced by isoleucine in all three repeats. Whether the ccmM gene product has polypeptide domains which are functionally similar to the Rubisco (SSU) and whether these domains could be involved in carboxysome assembly may warrant further consideration.
The putative ccmM gene product also has two possible DNA binding domains that have similarity to the helix-turnhelix motifs of DNA binding proteins such as the lac repressor of E. coli (see Fig. 4 ). The helix-turn-helix motif consists of a 20-amino-acid region, the first 8 and last 9 amino acids of which constitute two a-helices, with a 3-amino-acid turn region in between them (19). The two a-helices are thought to bind to the grooves on either side of a specific sequence of the DNA backbone. The two putative helixturn-helix motifs in the ccmM gene product have the highly conserved hydrophobic amino acids alanine, glycine, and valine at positions 5, 9, and 15, respectively (19) , but both lack a hydrophobic amino acid at position 18 (Fig. 4) . However, although position 18 is usually occupied by a hydrophobic amino acid, at least one helix-turn-helix motif, the lex repressor, contains a nonhydrophobic residue at this position (Fig. 4) . At present, the significance of a putative DNA binding domain in ccmM is not known, but the possibility should be amenable to experimentation. Properties of the P-N and PVU mutants. The construction of two defined mutants in the 3.6-kb region, mutants PVU and P-N, has been described previously (24) , but with the sequence for the 3.6-kb region it is possible to determine the exact genomic positions of these mutations. This is particularly relevant for the deletion mutant, P-N, which because of restriction mapping errors in the clone isolated by Reichelt and Delaney (26) was reported as a 2.9-kb deletion (24) . The deletion is in fact a 2.64-kb deletion between the PvuII and NcoI sites located 3,538 and 896 bp upstream of the start codon in rbcL, respectively. The deleted DNA was replaced with a promoterless chloramphenicol drug marker (Cmr), causing disruption of ccmL, ccmM, ccmN (ORF I), and ORF II (Fig. 5a) . The insertion mutant, PVU, was constructed as a promoterless Cmr insertion into the PvuII site located 3,538 bp upstream of the rbcL start codon, producing a disruption in ccmL (Fig. 5b) . The fact that both mutants are resistant to chloramphenicol (8 jig. ml-') suggests that an endogenous promoter element exists in a region upstream of the PvuII site. Putative promoters can be distinguished in the region between ccmK and ccmL and also upstream of ccmK (Fig. 2) . The correct integration of the P-N and PVU constructs was verified by Southern blotting and polymerase chain reaction analysis, and results showed that genomic regions in the mutants had the expected structure in the region of interest and that no WT chromosomes were present (results not shown). Complete segregation of the mutants is also confirmed by the fact that, for both mutants, batches of 108 cells plated out under air conditions, without chloramphenicol, do not give rise to revertants (Fig. 5) .
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Some initial characterization of the P-N and PVU mutants has been reported previously (24) , showing that both mutants require a high level of CO2 for normal growth and that the PVU mutant has rod-shaped carboxysomes typical of type I mutants whereas the P-N mutant lacks carboxysomes and has soluble Rubisco. New data for the PVU and P-N mutants are shown in Table 1 size slightly higher than that of WT cells. The carboxysomeless P-N mutant had a pool size that was almost twice that of WT "cells. The CO2 efflux rate and the half-time for release of the C, pool after a light-to-dark transition also showed differences. The two type I mutants, PVU and no. 1, have a release that is twice that of WT cells, and the P-N mutant shows a fast release which is closer to the WT rate ( Table 1) . As has been argued previously (24) , the rate of release should be considered a measure of the specific activity of intracellular CA activity plus the availability of H+ after a light-to-dark transition rather than reflecting the CO2 leakage rate during steady-state photosynthesis. Thus, a slower than expected leakage rate from a carboxysomeless mutant may indicate a relatively low specific activity of intracellular CA. This possibility was tested by determining the levels of CA in each of the mutants.
Results of determinations of high-I50 (inhibitor concentration required for half maximal inhibition with the CA inhibitor ethoxyzolamide) CA activity (possibly associated with the C, pump), low-I50 CA activity (CAcbx), and Rubisco activity are shown in Table 2 . Differences between the mutants and the WT in high-I50 CA activity were minor, but for low-I50 CA activity, both mutants and a chemically induced type I mutant (no. 77 [23] ) had significantly reduced levels. In addition, CAcbX activity in the P-N mutant was found to be unstable, decreasing by nearly 80% after storage of the extract on ice. By comparison, CAcbX activity in WT extracts or in purified carboxysomes is quite stable and can even increase slightly after 2 h on ice (results not shown).
Carboxysomes isolated from WVT cells typically show a clear association of Rubisco and CA activities (24) . One way this can be seen is as a similarity between the CA/Rubisco activity ratio in crude extracts and that in isolated carboxysomes (Table 2 ). It is obviously not possible to make this comparison for the carboxysomeless mutant, but for the PVU mutant some carboxysome material can be isolated. The long, rod-shaped carboxysomes in the PVU mutant would be expected to be sheared easily during French press treatment, producing open-ended rods that would easily lose Rubisco and also CAcbX if CACbX was located in the center of the carboxysome. The CA/Rubisco ratio increases severalfold from an extract to purified carboxysomes. This appears to be mainly due to a disproportionate loss in the total yield for Rubisco. This might indicate, for the PVU mutant at least, that CACbx is more tightly associated with the carboxysome coat or is even an integral part of the coat. Alternatively, the increase in CA/Rubisco might indicate a differential loss in the specific activity of Rubisco. This seems unlikely, however, since Rubisco activity in crude extracts from the PVU mutant was stable for several hours (results not shown), but it remains a possibility that can be checked once antibodies to both CAcbX and Rubisco are available.
Previous studies with the P-N mutant had shown that Rubisco is soluble in this mutant, in keeping with its lack of carboxysomes (24) , but the possible soluble nature of CAcbx in this mutant was not determined. As recently found with WT cells (25) , the majority of Rubisco activity and the majority of CAcbX activity (88 and 103% of the levels in the extracts, respectively) were associated with a pelletable fraction produced in the presence of excess Mg2+ ions (Table 3) . A small increase in CAcbx activity was noted between the time the cell homogenate was assayed and the time the pellet fraction was prepared and assayed. By contrast, in the P-N mutant cells, most of the Rubisco activity (89%) and half the CACbX activity (50%) were in the supernatant fraction. A problem with this approach is that CACbX activity in the P-N mutant is apparently unstable (Table 2) , with only 74% of the total amount of activity (Fig. 5, inset ) but grew normally on plates at 2% CO2 levels. This is also a typical characteristic of the P-N and PVU mutants (Fig. 5) . The NCO.1B insertion mutant showed normal growth at air levels of CO2 (Fig. 5) (Fig. 2) , as well as a previously reported ORF, ORF I (9) (named ccmN in this article). The four new ORFs, ORF 64, ccmK, ccmL, and ccmM, could code for putative proteins of 7, 10.9, 11, and 58 kDa in size, respectively. Three of these ORFs have been named ccm genes on the basis that a defined mutation in each ORF produces a phenotype requiring a high level of CO2 (Fig. 5) and, therefore, a lesion in the CCM. The putative 7-kDa ORF 64 gene product may be larger, since this ORF could be extended upstream from its putative start codon beyond the PstI site located 4.8 kb upstream of rbcL. None of the four new ORFs have particularly high sequence similarity with DNAs or proteins in data bases.
The putative 58-kDa gene product coded for by ccmM was found to have the most interesting properties. It has low sequence similarity to the Rubisco SSU protein from Synechococcus sp., and in fact the putative ccmM gene product possesses three highly repeated regions which, in turn, have low sequence similarity to the 111-amino-acid SSU protein, with the most similar region having 24.4% identity over a 86-amino-acid overlap and the least similar region having 20.2% identity over a 99-amino-acid overlap (Fig. 3) . The similar regions of the SSU contain amino acid residues which are involved in the binding of the SSU to the large subunit of Rubisco (14) . It is, therefore, a possibility that the ccmM gene product may be sufficiently similar to the SSU to act in the binding of Rubisco large subunits. The putative 58-kDa protein also possesses two putative DNA binding domains (helix-turn-helix motifs [ Fig. 4 The PVU mutant has the ability to accumulate Ci to a level similar to that in WT cells with blocked CO2 fixation (i.e., in the presence of glycoaldehyde [17] ), while the P-N mutant has the ability to accumulate C, to a level significantly higher than that in WT cells (Table 1 ). The half-time for the release of intracellular C,, following a light-to-dark transition, was found to be twice as rapid for the PVU mutant (like other type I mutants) as for WT cells, whereas the P-N deletion mutant showed a half-time for release that was slightly faster than that for WT cells (Table 1 ). These differences in maximum C, pool size and C, release appear to be related to the specific activity of CACbX activity and possibly its exact location in the cell when a mutational event is involved. An inverse relationship between internal C, pool size and the intracellular CA activity is now well established. (23) . When CACbX activity was measured in the P-N and PVU mutants, it was found that both were reduced to between 12 and 17% of WT levels, with the P-N mutant having the slightly greater reduction ( CACbX has been generated.
